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By D. G. Moore, L. H. Bolz, and W. N. Harrison

suMmRY

The high meltlng point (4750° l?) and comparatively large potential
suyply of mlybdenum suggest that this metal may be useful at tempera-
tures shove the melttig points of most metals and alloys. In order to
use it’at hi@ temperatures in the presence of oxygen, however, the
molybdenum must le protected against oxidation, and hence it is lo@.cal
to apply a yrotectiv? ceramic coating. Several such coatings were
developed and applied in the form of water suspensions or “slips“ to
syecimens of molybdenum, by dipping or spraytig, after which the
pieces were dried and fired at a teqerature of 2159° F in oqgen-
free atmos~heres. Tests of the coated pieces included (1) heating
in a gas-o= n flame, (2) heating at constant temperature ti an air
almosyhere, ?)3 thermal-shock tests, and (4) service testing of
parts that were finished with a selected ceramic coating h the
blast of ram-Jet engines.

The results of these various tests indicated that the oxidation
of the molybdenum was greatly retarded by the lest of the ceramic
coatings tried. h an air a-hnosphereat 1650° F, unprotected
O .040-inch molybdenum sheet was found to decrease to one-half of its
original thictiess in 1/2 hour. There was no decrease for ceramic
coated molyhienum heated for 70 hours under the same conditions.

At a gas temperature approximating 3500° F, giving a surface
temperature on the s~ecimen of 2&10° F or more, only short-the
protection of the molybdenum was attained. The oxidation rate at
these high temperatures was found, however, to be sufficiently
retarded by the presence of the ceramic coating to make the use of
coated molybdenum feasible for special high-temperature ap~~cations
in which yrolonged service is not required.

One current use of these cer&mic coattigs is to ~rotect
molybdenum pitot tubes which are built into the ‘nozzleend of ram-
jet engines of a type u6ed for yilotless aircraft.’ These tubes,
which are.subjected to a gas temperature of about 3000° F, are
expendable and need not last over 5 minutes. Test of a coated tube
under simulated service conditions indicated a life in excess of
45 minutes.

,
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The lack of materials ha~g the required properties for oyerating
temperatures in excess of 1800° 1?is a restrictive influence in the
development of ram jets, pulse jets, turbojets, and rockets. If
suitable materia~ were available, design problems for jet engines
would be less comylil.catedand greater efficiencies could be obtained.

Most of the usual heat-resistant alloys begin to melt when
heated within the temperature range 2400° to 2@0° l?. Of the metals
having melting points greatly exceeding this temperature range, only
such scarce meq as platinmn and iridiwn, melttig at 31!30°
and 4260° l?,respectively, have sufficient resistance to o=dation
at high teqeratures to be used @thout protection. Aside from the
question of @ysical properties, the cost of such me- and the
Mmited sup~ly make their me-on a large scale prohibitive.

Other metals that have high melttig points but do not have good
oxidation resistance, include titanium (3270°1?~, thorium (3350°F),
zirconium (3450° F), boron (4150° F), molybdenum (4750° F),
tantalum (51&1° F), and tungsten (61CM)0F). The last three are of
especial interest from the stand~oint of ~otential applications in
very high-temperature service. 2rellmbary tests have indicated that
both tungsten and tantalum may be coated to protect against oxhlation
at elevated temperatures; however, more complde tests have been
conducted on molybdenum and are reported herein.

Molybdenum is used as a-major constituent of ~porbant alloys
and is available commercially in substantial quantities. h addition,
there are comparatively large ore deposits in the United States.
The one characteristic of the unprotected molybdenum metal which
precludes its use in high-temperature applications for which its
strengbh would be adequate is its poor resistance to ofidation. A
nuniberof applications might be forthcoming, however, M this fa~t
could be overcome by a protective coating that would sufficiently
retard the rapid disintegration of the molybdenum h ofidizing
atmospheres.

.

The present re~ort describes some results that have so far leen
obtained on ceramic coatings for molybdenum. Althou@ these results
are of a preliminary nature, a coating was developed for molybdenum that
has met an actual service demand. The investigation is being conducted
at the National Bureau of Standards under the sponsorship and with the
financial assistance of the l?ationalAdtisory Comittee for Aeronautics.

b
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FUNDAMENTAL CONSIDERATIONS

.

When un~otected qclybdenum is raised to a dull red heat in an
air atmoayhere, the volatils oxide ~MoOa~ forms slowly (reference 1).

As the teqerature is increased, th~ yr~duction of oxide becames more
rapid until the metal burns vigorously with a voluminous production
of white fumes of Mo03.

~ the a@.ication of a ceramic coating to molybdenum this
tendency toward rapid ofidat$on must be considered. If the coating
were applied and the firing done in an air atmosphere, a substantial
amount of otide would form lefore the coating had fused and would
prevent proper adherence of the coating to the metal. F&ing must
therefore be done in a nonoxidiztig atmosphere. Furthewre, the
eqansion coefficient of the coating must be adjusted to that of the
JnOtal.

One source of difficulty that can be expected in coattig
molybdenum is the gas absorbed in the metal. Appreciable qwtities
of gas (reference 1) may be present in relatively pure molybdenum
shee~and if gas is evolved when the metal is heated to hi@ tempera-
tures, it tends to cause blistering of the coating. In order to
minimize serious disruption of the coating as a result of this
blistering, the consistency of the ceramic coating during firing and
use should permit sufficient flow to reseal the areas punctured by
escaping gases. A preferable alternative, If attainable, would be
to use metal that is substantially gas free.

Finally, any coattig intended to protect molybdenum from oxidation
in air at high temperatures should be substantially impervious to air.
The coating, therefore, must be rich in glassy phase or, if entirely
crystalline,must be so constituted and fired as to produce a dense,
nonporous mass, free of shrinkage crach.

SOURCES OF lvDLY1311ENOMUSED

A supply of O.OhO-inch rolIled-sheetmolybdenum and O.OkO-inch-
diameter molybdenum wire was obtained from one commercial source, and
a second lot of rolled sheet, from another.

A spectrochemicalanalysis made on these saqles of the metal
showed the principal impurities to be chromium, copper, aud iron, each
of which was present in amounts between 0.01 and 1.’0percent. Mfnor
impurities (less than O.01.percent) present h all three samples were
silicon, titanium, nickel, calcium, berylllum, and.aluminum.
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coatings hav3ng a combination of high refracto-
and adherence, the appr”oachchosen was to
having a high content of glassy phase, then a

very refractory cover coat having little or no glassy phase, and
finally to seal the pores of the cover coat with a toy coat of the
same characteristics as the base coat, each coating being separately
fired.

Since the coefficient of thermal exyansion ofmo~bdenum is only
about half that of oriHnary low-carbon steel and about one-third that
of many hi@-temperature alloys, it was necessary to seek a frit
composition having much lower expansion coefficient than the frits
suitable for ticorporating in coatings for the high-temperature afioys.
(See reference 2.)

Another characteristicrequired of the frit constitu&t of
coatings for molybdenum is a much hi@er viscosity than was required
for the frits preciously developed for coatings of the heat-resisting-
alloy type.

This conibinationof requirements made it logical.to seek a
suitable ccmqosition for tliefrit constituent of a coat’lngamong
available types of commercial,glasses, with the intent of formulating
and preyaring a series of progressive modifications for comparison
with the initial composition. For this purpose a glass was chosen
having thq composition shown as ~2C in table l.l Variations from
this baae frit were formulated and ~repared and these are listed in
table 1 as @2Mto 410M.

The Smelttig temperature of all these frits waa high, ran@ng
fUXi126500 to 27~0F, but in ECU cases no appreciable undissolved
material was Tresent at the time of pouring.

QuaMtative comparison wes made of the characteristicsof base
coats prepred by ball nd.1.llngfrit 4-02Cwith zirconium otide
(zirconia ‘!A”,reference 3) in amounts of O, 10, 20, 30, and 40 parts
of zirconium oxble to 100, go, 80, 70, and 60 parts by wei@t,
respectively, of frit 402C. Five parts of Florida kaolin were
incorporated in each batch. From observation of the performance of
these base coats when ap lied to small specimens of molybdenum and

8heated at 2000° and 2100 1?in an electric furnace, a tentative
selection of the conibinationhaving 20 parts zirconium oxide and

1A quantity of glass of this composition, designated as N-51a,
was supp~ed by-courtesy of the ~all Glass Co.

*

.

. . .
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80 pirts frit was made
coats were prepared in

5

for use in further work. Accordingly, base
these proportions from each of the frits given

in table 1. These base coats were appld.edin thiclmess apyrodmattig
0.007 inch to spechens of sheet molybdenum and tested at a metal
temperature of 2000° F. For reasons described under the heading
entitled “Heating Tests in an Electric Furnace with Air Atmosphere,“
the results 00 far oltained have not provided an adequate basis for
coqmrison of the efficacy of these frits as constituents of base
coats for molybdenum. In most of the subsequent e~eriments reyorted
herein the ccmunercialglass @2C was used aE the frit constituent,
stice it gave good promise and was available in an adequate suyply.

The characteristics of greatest tmyortance ti the cover coat
‘ were deemed to he (a) refractoriness, (b) appropriate thermal
eqansionj and (c) a suitable @ysical structure under firtig and
service conditions. A suitable yhysical structure requires a balance
between a vitreous seal to prevent oxygen permeating from the atmos~ere
to the metal and.,at the same time, a ~orous structure to prevent gases
that escape from the metal from forndng large blisters. Such b~sters
upon bursting mi@t expose so much of the metal surface that‘rayid
oddation would occur md * healing impossible.

A variation in the yhysioal structure of the cover coat at high
temperature was attained by using as the princiyal constituents
calcined kaolin and zirconium oxide. lh all the coatings sufficient ‘
raw MoM was added to act as a bond and matitati a workable
consistency of the water suspension or slip, in which form the
coatin~ were first applied.

Table 2 lists five coattigs used on the specimens referred.to in
this report and also indicates milling time, firing temperature, and
therml-eqansion coefficient.

The only difference between mill batches of cover coats M-8 “
and M-33 consists in the fineness of the zirconium ofide used.
Coatings of the M-8 type tended to crack during firing, probably as
a result of shrinlmge. This tendency was considerablyreduced by
use of the coarser material.

The detaih of preparation of the coating& for molybdenum were
substantially the same as for the ceramic coatings for heat-resistant
alloys reported previously (reference 2).

KPPIZCATIOIi&TD FIRING OF COATINGS

The coatings were app~ed in the form of water suspensions, or
sliys, to the sandblastedmolyhdenwn by either spraytig or dipping.

----- ——— _—. -.—. . . . .
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After @@rig, the test specimens were fired, many of them in a fused-
si~ca tube furnace with controlled atmosphere. A sketch of thiS $ZU3-

fired furnace is shown in figure 1. Temperatures up to 2550° F inside
. the tube could be attained by supplementing the air su@y with a

sL@ht amount of oq-gen. Without extra oxygen, temperatures of 2400° F
could be reached. The tenqerature was controlled during firtig
to &ZIIoF by manual adjustment of the gas valve. Most of the specimens
used in this study were fired at 2150° F by introducing into the hot
furnace, heating for about 5 mtnutes, removing from the furnace, and
cooling in air.

In the firing o~erations a positive gas pressure was maintained

within the fur&ce inibeby allowing the gas to bubble &o@ a ~-tich

depth of water after passing throu@ the
carbon diofide from commercial cylinders
No steys were tabh to dry or purify the
the furnace.

Some of the specimens that the tube

firtig chamber. lh moat cases,
was used as the atisphere.
gas before its entry into

furnace would not accommodate
were fired in a Hayes, Globar heated, controlled-atmospherefurnace,
having a working chaniberof 16 by 10 by 6 tithes and a maxdmum safe
operating temperature of 2500° F. The gas and air inputs to the
con.tmstionchamber of this furnace were adjwted to @ve, in the
working chamber, a substantially oqgen-free atmosphere containing
11.4 percent of carbon dioxide, 1.0 ~rcent of carbon monofide, and
the rendnder nitrogen. Temperature control was achieved with a
recorder-controller operating from a radiation pyrameter.

Most of the coatings were apy~ed h total thictiesses ranging “
from 0.008 to 0.030 tich. This thichess was normally attained by
several a@Lications tith separate firing operations between coats.
E~erience indicated that to a32.owfor escape of gases the base coat
should be applied at between 0.0015 and 0.0025 inch. Iater coats
could be a@-ied in considerablythicker layers_and, for best quality
of fhish, at a firtig temperature of about 100° F
used for he first ctit.

lIichromesupTorts were
parts.

TEST

Heattig Tests in an

used a~tig the firing

l?RocmuRm Am ImslJlms

lower than that

of

Electric Furnace with Air

Althou@ a test for the ~rotective properties of
coatings when the syecimens were heated for ~olonged

Aiimosyhere

the various
periods at

.
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various constant temperatures in an air atmosphere was desirable,
. the difficulties involved in carrying out a test of this tyye were

such as to make it a problem to obtain reMable data. Specimens
2 tithes in length and 1/2 inch wide, prepared from O .ObO-inch-
thick molybdenum sheet and coated as described, were tested at
various temperatures in an electric furnace. in many caaes during
these tests otidation proceeded rapidly from the s~ot where the
support wire ~assed ttiou@ the hole in the molyhdenun, while in
other cases, failure occurred at an edge or corner on an othetise
sound s~ec~. Because of the volatile nature of the molybdenum
oxide, any small break in the coating allowed progressive oxidation
to take @ace, and in several prolonged tests all the metal
tisap~eared, leaving a hollow shell of the coating material.

Regardless of these &Lfficulties, the test gave some in~cations
of the durability of the coating, es~ecially at the lower temperatures.
h a few tests at 2000° F coated spec~ns were heated for as long
as 20 hours with no ap~arent deterioration of the metal. One specimen
still showed good protection after 70 hours of heating at 1650° F.
A section cut through this specimen is shown as C in figure 2. The
base coat M-5, which was app~ed to thti particular piece, differed
frcm the other coatings described hereti. It consisted of 75 parts

of -325 mesh, fused zirconium oxide, 25 parts of frit @2M, and
5 parts of Florida @oW. This was fired at 2550° F to give a
slightly porous porcelain-like structure. This structure wab
subsequently sealed by two applications of M-3 (see table 2) ftied
at 21500 F.

Specimen A, in figure 2, illustrates the uncoated mcd.yhdenum
m&al while spec- B shows a section of the same metal after
30 minutes of heating at 1650° F. It will be noted that specimen B,
with no coating, has been reduced to one-half of its original thick-
ness in only 30 minutes of heating while specimen C has maintained
its full thickness throu@out 70 hours of heating.

,

Oxy@s Flame Tests

Flame teats were made of coated molybdenum spectiens 3/4 by 2
by O.0~ inch using the ap~atus shown in figure 3. The welding
torch, positioned as shown in the photograph, was operated from
controlled pressmes of both oqgen and natural gas and, in all
cases, was adjusted to give a strongly ofidizing flame.

The temperature of the spectien surface was measured with a
calibrated optical pyrometer rigidly clmrped so as to be focused on
the hottest part of the spechen. In determining the temperature,
the emissivi@ for the coatings was taken as 0.50.
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In making a test, the torch was first Mghted at a distance of
about 4 inches from the specimen. The torch &enibly was then slowly
mcmed in toward the spechen until a surface temperature of 1800° F
wae attatie&. This temperature was held constant for 5 minutes, after
which the torch was again moved closer tiil the surface temperature
was kOOO F higher. This procedure of raising the temperature kOOO F
and holding for 5 minutes was continued until either failure of the
coattng occurred or until a test at 3400° F was completed.

The temperatures obtained in this way apply to the surface of the
coattig only, and cndng to the insulation effects the &rperature of
the metal was considerably lower. In order to obtain an indication.,
of the metal temperature under the test conditions, the’M-13-33 coating
on the back of one specimen was ground off at two small spots directly
behind the test area. SmaKl holes 1/4 inch apart were next drilled
into the metal. A 22-gage platinum tire waa yeened into one of these
holes ana a 22-gage platinum and lo-percent-rhotiumwire, into the
other. The back of the spectin was recoded to give a smooth eurface
and the spec~n placed h position for flame testtig. The teqeratures
of the mstal obtained by this procedure for a coating thickness of
0.033 tich and for the various temperatures of the test surface are
given in table 3. These data, showing the temperature of the metal
to be approximately 363° to ~0° F below that of the surface of the
coating, indicate qualitatively that important insulation effects
may be obtained with ceramic coatings. .-

The results obtained frm these oxygas.flame tests are shown in
table 4. Little or no .qffectswere noted at l&lOO F on any specimen.
At 2200° F small blisters formed at the hottest area of the glazed
surface of all specimens, but these qticlil.yrehealed as the heating
conttiued. At 2@0° F the coating at the hottest area had apparently
become more stable and blister formation in the seal coat was noted
on only one specimen, while at 3CN)0°F no bll.sterswere present.
At 34-00°F the two specimens of coating M-13-35 failed by localized
melting of the ceragic. Coating M-13-33, which had a hi@ zirconium-
otide content (see table 2), showed neither melting nor blistering
after the 5-minute heating at 3400° F.

Figure 4 shows three M-13-33 coated specimens that had been heated
1/2 hoar, instead of 7 minutes, at 2@0°, 3000°, and 34-00°F. No
thiclmess loss was indicated for any of these three coated specimens.
A spec@n of uncoated molybdenum sheet was subjected to the same
flame condition that had given a surface temperature of 3400° F on
the coated specimen. During the heating, the uncoated spec-n
reaahed a temperature of 2h0 F. Ihtense fuming of the oxide was
noted under these conditions. Within 3 minutes a hole had been burned
through the unprotected metal spec3men, which is shown with the coated
syecimens in figure 4. Figure 5 shows a heavy deposit of the crystal-
line molybdenum oxide formed in a symmetrical pattern by sublimation

t on the cooler pm%ions of the refractory supports during the heating
opmation.

.

.
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Thermal-Shock Tests

.

For the thermal-shock tests use was made of the previously
descriled ozygaa flame-test equipment. timakhg a test, the flame
was li&hted and adjusted so that the surface temperature could.be
raised to 2600° F in approximately 30 seconds. This temperature was

then held for an additional l~tiutes. The gas wa9 next turned off

for 1 minute. During this period the spec-n was cooled in the stream
of oqgen, the surface dropping below a visible red heat in less than
15 seconds. .After 1 minute of coo13.ng,the metal temperature,
determined with a thermocouple attached as previously described, was
apyro-tely kOOO F. This cycle was repeated.until either failure
occurred or a total of 10 cycles was accumulated. The results of
these tests for coatings M-13-33 and M-13-35 are shown in table 5.

In some resyects these results fall into the conventional pattezm
whereby ticreasing resistance to thermal shock goes with decreasing
thickness of coating and with decreasing thermal-expansion coefficients
of the coating material, but in one important respect they do not.
Stice the efierior of a spec~n normally is both heated and cooled
more rapidly than the interior, it is necessary for the coating to
have a lower coefficient of thermal expansion than the underl@ng
metal.in order to maintain an approximation of equality in the rates -
of expansion and contraction of the metal and the coattig. Midmiztig
the differential rate of dimensional change correspondingly reduces
the development of stresses leading to failure of the coattig from
sudden temperature changes. The results obtained with coathg M-13-33
and M-13-35 at 0.030-inch thickness are in harmony with these con-
siderations. At the 0.030-inch thicbess, coating M-13-35 tithstood
10 quenches without damage while coating M-13-33 failed beforg one
cycle was campleted. The thermal-eqansion coefficients of 6.22 x 10-6
~er degree centigrade for M-33 and 4.25x 10-6 ~er degree centigrade
for M-35, as given in table 2, are entirely consistent with this
result, since the one value is above and the other below that of

(molybdenum 5.5 x 10-6 )per degree centigrade . The hnprowmmnt in
thermal-shock resistance obtained on the M-13-33 coating as the
thiclmess of the coatimg’waa.decreased to 0.017 tich is also in
conformity tith normal expec@tions.

The unusual feature of the results in table 5 is that the thinner.
coatings of M-13-35 failed under con~tions that the heavier coattigs
withstood. The key to this unusual behavior lay in the b~stering
characteristicsof the M-35 cover coat as compared with the M-33c.
The M-35 showed a greater tenden’kyto blister, yrobabl.ybecause it
more readily entrqped gaaes escaptig from the metal. The quantity
of this evolved gas is, however, a function of the temperature of
the metal. The thinner coatings of both t~es would be expected to
permit the metal to become hotter under the test ccmtitions than the
thicker coattigs, but only the M-13-35 coating developed serious

.- .——- .. ——.. —— - —-— —— --- .-. -.. — --. ..-— ---——.-
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blistering. The raised portions of the coattig, being hstited from
the underlying metal, changed temperature much more rapidly than the
surrounding material, @ hence failed more readily because of the
resulting large &hmmional changes.

.

Service Tests of Coated Tules

In figure 6 are shown two molybdenum yitot tubes approximately
Ml inches long, the white one of @ich has been given a ceramic
coating, exceyt for a tistance of 1 inch at the end not heated in

1 inch outside diameters and ~-setice. These tubes had –- 1 inch warn.
4

The coattig was a~plied to both Inside and outside surfaces by
submersion of the spec~n into the SHD followed, after drying, by
a spray-coat reinforcement at the end exposed to high temperature.
After the spray coat was dried, the spechen was ftied at 21500 F
on a Nichrome supporting rack tn the oxygen-free atmosphere of the
previously mentioned Hayes furnace.

The coated tubes were used for titrumentation prposes in ram
jets. Each tube was positioned with the curved end directly in the
blast at the nozzle of the jet and was subjected to a computed ~s
temperature of approdmately 3000° F. Protection for a period of
about 5 tinutes was all that was required of these tubes.

I?lametestsz with propane fuel, made of one coated tube, showed
that with an air-fuel ratio of 18.6:1.0 (18.5 yercent excess ah)
and a gas’temperature of 3500° 1?protection was yracticaldy umlmpaired
after 5 minutes. When $he air-fuel ratio was drop~ed to 13.3:1.0
(no excess air) giving a gas temperature of 36C0° F, the tube I-
found to be still serviceable after an additional 33 minutes. It
should be pointed out, however, that the tube operated at temperatures
considerably below those of the gas. Teqerature measurements on the
tube with an optical yyrometer gave values of about 2450° and 2659° F
with air-fuel ratios of U3.6:1.O and 13.3:1.o, respective=. mere
was no distortion of the tubes during test, and the damage to the
coattig was confined to that caused by blistertig.

Twenty-four of the tubes as shown in figure 6 were @ven exterior
and interior coatings of the M-3-8 t~e and one with coating M-13-35.
These were used in ram jets attached to the wi@s of aircraft. One
tube with each t~e of coating was returrmd after undergoing this
service and examined with a binocular microscope. Neither tube had
failed in service, except for breaking mear the end that was welded
to a steel tuhe and which operated at a relatively low temperature.

%hese tests were made under the supervision of Dr. Ernest F.
Fiock in C&gO
standards.

—

of combustion research at the National Bureau of

—.—— .. . . .—
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On the M-3-8 tube (coating thickness, 0.006 in.) which had been h
service for 15 minutes there were nqmerom areas where the outer
layers of the coating had flaked off, but the microscopic emmination
showed pkdmly that a thin protective coating still re~fied and
there was little or no evidence of oddation of the metal, which
was still in good condition.

The M-13-35 tube (coating thictiess, 0.008 in.) had undergone
45 minutes of service without any considerable oxidation of the metal
except at two syots. One of these spots, shown as O at the upper end
of the tube in figure 7, was originally not so well protected as on
the M-3-8 tube inasmuch as it had no-tleen reinforced with extra
coating at the tiy. As a result, the protection at this petit
terndnated during the test and considerable oxidation occurred. The
dark area indicated as O at the central section of the tube was
believed to have resulted from damage to the coating during
insttition. Oxidation had progressed sufficiently at this area
to halve the thiclmess of the tube wall. No serious damage had
occurred elsewhere, althou@ several small spots aypeared to have
lost the coating, possibly near the end of the 45-minute test period.

The speckled appearance of the coattig on the tube at B in
figure 7 is caused by healed b~sters in the coating. There is
evidence also of flow of the coat@, which is apparent at F in the
photograph as ripples in the surface. This flow was believed to
have occurred at the mcment the blisters formed. The bltsters
caused added obstruction to the mnooth flow of the high-velocity
*sea. The flow of the coating reduced this obstruction.

DISCUSSION

The prhary cause of failure of the coatings for molybdenmn
described in this report when operated at gas temperatures approaching
3500° F was ~ evolution from the metal leading to the formation of
blisters in the coating.

It is known that the molybdenum metal contained large quantities
of gas. Some of this gas was eqelled during the coatfig operation,
but considerable amounts were still betig evolved during the
subsequent heat treatments. This residual gas came out slowly during
the high-temperature treatment and in so doing caused blisters to
form in the coattig. Even though the blisters rehealed after
breaking, the metal was momentarily eqxmed to oxidation. The effect
of this behavior was probably cumulative because the fluxLng action
of the molybdenum oxide absorbed by the original coating as the
blisters healed caused a deterioration of the coating. Also, the
laboratory tests Indicated that the tendency of a coating to entrap
escaping gases as bllsters may in some measure govern its resistance
to thermal shock. .

-.——. -.-.—. -.——---—— .—.. — .—-— —— ..——.. .
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Efforts to e~te the @s from the metal prior to coating
proved ineffective. ~ one experiment molybdenum wire was heated
for 15 minutes at about 3000° F in’vacuo. After cool@g, the wire
syechens were removed from the vacuum and coating M-3 applied.
No decrease in blistering tendency was noted. It is possible,
however, that mcme refractory coattigs, aPP~ed at teml?e~t~es
considerably above the eqected operattig range, mi@t considerably
reduce bll.stertigin setice. Preliminaa experiments have inticated
some promise in this ~ection.

The relatively short-the protection affordedby the presently
develoyed coattigs at high temperatures automatically restricts
their use to e~endable itans h which a high melting tmmperat}rreis
essential for a short period. In addition to such applications as
the pitot tubes shown in figures 6 and 7, coated thermocouples and
resistance thermometers made of high-malting-point metaM furnish
examples of possible uses h which even short-time protection can be
valuable.

Although the test results illustrated by figure 2 demonstrate
definite potentialities, the extended use of coatings for protection
of molybdenum at operating temperatures in the range from 1300°
to 1800° J?does not appear probable, as >ong as suitable heat-
resisttig alloys for these tqeratures are available. There is no
assucmce, however, that the high-colalt alloys will be avaikble
in sufficient quantity to meet a ~eatly expanded demand. If this
demand.should develq, these alloys cofld probab~ be suPPqnted
by high-molybdenum alloys for use at teqeratmes beyond those now
feasible yrotided suitable protection against oxidation could be
effected by means of a ceramic coating.

AH tests so far yerformed have indicated the great importance
of coqlete and sustained coverage. The otide which fmms on the
metal surface is hi@ly volatile at temperatures as low as 16500 F
and therefore an uncoated molybdenum spechn will completely
disaypaar when heated for sufficient t- to high temperatures in
an alanosphereconkain3ng appreciable amounts of o~gen.

Little published information is avail.a’bleregar~ the high-
temperature stren@h of molybdenum, but from data on wires at
temperatures up to l@O°F (reference 4) indications are that
molybdenum has considerablymore strength than platinum. This
expected greater strength of coated ndybdenum as compared with
platinum, together with its hi@er nmlt~ point and lower cost,
would favor its use in certain high-temperature applications.

.,

.— — .——. -———— .—. —-
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The thermal shock involved in service operations with the pitot
tubes, consi%ing of one heating and one cooUng, Md not appear to
be an important source of failure since coatings of both higher end
lower thermal-expansion coefficient than the metal gave adequate
protection. There was evidence however, that the cooltng of the
higher-expansion coating (M-3-8~ after service resulted in damage
which would have been fmportant in additional cycles of use of the
same coated tube. I?orservice conditions tivolving repeated heatings
and toolings, it would be advisable to use only coatings of suitable
low ther.ml.-expansioncoefficient.

CONCLUSION

The results obtained with the ceramic coatings on molybdenum
~ecimens have demonstrated that short-time (10 to 45 rein)protection “
of molybdenum in oxidizing atmospheres at gas temperatures uy
to 3590° 1?is yossible. Even such limited duration of protection
meets certain current service requirements for eqendable items
having very short operation periods, for 8-10, the protection of ~
instruments such as pitot tubes, thermocouples, and resistance
thermometers for which even a brief yeriod of operational life is
of value in obtaining much-needed data. The results yoint to the
need for continued research to prolong the period of _protection
which c-anbe achieved at these high gas temperatures.

National Bureau of Standards
Washington, D. C., Decaber 31, 1947
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TAEm 2.- MILL EATcJms, lnmmGTmEs, m+m’3mmmMmEs,

Am THElwAL Expansions OF SEvmAil CERAMIc BASE

com3firm cuvERcoA!l!sAsnEvEmEso FOR

APPmcmN m MmmImmM

coat~ Millbatchin Finlq
coating time telllpma-mion
(1) &’= pertf3byweight

(3) [
hr) ture

coeffIclent

4) (’%) (5)

, M-3 Base Erit 402M 80 4 21w 5.14X 1o-6
coat Z+( -m) 20

I?la.kaollbl 5
Sodiumnitrite
Water ;:;

M-8 ::? zr02(-s25) 95 1/2 20% (6)
Fla.lmlolln
Hater 2

/
M-13 Base Frit k02C 80 4 2150 5.26

coat m2(-l@,i80) ~
Fla. k3.Oh 5
Sodiumnilmite
Water 4::;

M-33 coPer zro2(-40) 95
@
2 2050 6.22

coat Fla. kOkbl

Water 3;

M-35 cover Calcinedbolln7 94 25 2050 4.25
coat Fla . kEtOh

Water $

.

1626

1
Coattigdesigmtions such as M-13-35refer to cover mat M-35 over
base coatM-13with a thin top coatof M-13 as a glaze.

%?he compositionsI.iate @asbase matewere usedaJm as seal coats,
applled as a glaze over the cover coats.

30esignationssuchas (-325)refer b grain size. (-40,+80)mama that
the material passes a No. 40 aleve but is retained on a No. 80.
Zr02 refers to~lalJy stabilizedfused zirconiumoxbie.

%lIJ3ng t- applies to a 10CX)-gramdry charge in a l-gallon-sizeball
(zirmnia “A”,reference 3) .

Iolll o~ratlng at 60 rpm tith a charge of 4000 grams of l-inch-
diameterprcela3n balA3.

%alues are @van as Mnear expansions~r &gree centigradeover
_ *o h 500° C and were detemined by interferometer

%a=~=m~”to be nearly the same as that for coatiugM-33whichIs
the sameas M-8 exceptfor fheness of z.irconia.

7Comblnationof refractory clays calcinedat approzZmately2@0° F and

,

.

groundto pass a 100-m&sh sieve.
..

—
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TABLE 3.- ~ OF COATINGSURFACEAND C=O~HDING ~

OF MIKIMLWHEN A SPECIMENOF O.Okl-lIWHM)LKHENUM HA.G A

O.033-INCHCERAMCCCOATING(M-13-33)WAS HEATED

KIZ!KAN OXK$ASTORCH

Temperature of
coating surface

(9E’) .

(U .

Temperature
“ofmetal

[j)

IJ300 1440
2mo 1725
2630,
3000 g;
3400 2505

%
etermined with calibrated optical pyrometer using an emissivity of O .x.
etermi.nedfrom thermocouple formed by peaning 22-gage platinwu
and platinum and ID-percent-rhodiumwires into small holes in
the metal, dri13ed 1/4 inch apart, on the back side of the
coated epechen.

,

.
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18 NACA TN No. 1626

.

.

.

,.

“

—

,

——.—. -——-



NACA TN No. 1626 19

.

!rlilm! 5.- mKmIlrsoBl?&cmIlm I?lmm+mm !mmmI1-sKocKmm WITH

COATINGSM-13-33AND M-13-35&EEKCED ATvXRXII?GTllICRNESS

Coating
Number of thermal-shock cycles

Spechen Coating
thicktleaa

(&j)
for failure

(2)

1 M-13-33 0.017 >lo
2 .017 >lo
3 .017 m

4 M-13-33 .023 2H
5 .023 >lo
6 .023 >lo

7 M-13’33 .030 IH
8 .03Q lH
9 .030 IH

If) M-13-35 .016 =3

11 .016 =3

12 .016 4H3

13 M-13-35 .023 ~3
14 .023 >lo
15 .023 >lo

16 M-13-35 .030 “ >~
17 .030 >lo
m .030 >If)

.
%!ach specimens preparedwith an M-13 base coat of 0.007 inch

and an M-13 seal coat of 0.001 tich with the cover coat, in
each case,making up the remainderof the thickness.

%hermal-shock cycle consistedin heattig an area about 1/2 inch

on the face of the
$
- by 2-hmh syechen to a surface

temperature of 2600° F in approximately 30 seconds,hol&Lng

for an additional l+ miqutes, and then quenchtig to a metal

temperature of @OO’F in 1 minute in a stresm of oxygen. The
letter H indicates that failure occurred during the heating
part of the cycle.

?Failure by shatter% of blisters formed during earLLer treatment.

~

-. _. —_—. —.—..— ————- . —.—- —. -— -.—.——.—- ----- .—— ———.. —--—
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SCALE 1A! ‘~

K28 INSULA T#VG OR/CK
TRAhWTE
BRASS
ASBESTOS CALKING

GAS -A/R- OXYGEN
BURNER DIRECTED
TANGENTIALLY
/NTO HOLE -
COIUBUS T/Off
/’SLOE FURNACE

A WOsPhIERE m TAKE
‘;

NACA TN No. 1626

~

GROUND- GLASS STOPPER .“

.
h A T/tfOSPHERE OUTLET

—PYREX GLASS

—MCHROME WIRE

–FUSED–S/’/CA TUBE

-EXHAUST GAS

THERMOCOUPLE

Figure 1.- Schematic diagram of fused-silica tube furnace used for
controlled -atmosphere firing of ceramic coatings on molybdenum.
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D
Figure 4.- Molybdenum specimens after exposure to flame testing.

Specimens B, C, and D have been coated ‘with M-13-33 at a -

total thickness of approximately O.033 inch and have been
treated for 20 minutes at surface temperatures of 2600°, 3000°,
and 3400° F, respectively. Specimen A is uncoated and the
hole was burned through it when it was treated for 3 minutes
under the same flame adjustment as for D.
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Figure 5.- Molybdenum-oxide condensate formed in a symmetrical
pattern on cooler portions of refractory supporting structure by
sublimation during 3 minutes of heating of an uncoated molybdenu
specimen at 2800° F by oxygas flame. The test involved a
voluminous production of white fumes of the volatile oxide.
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Figure 7.- Coated pitot tube of the type shown in figure 6 after 45 minutes
of service operation in blast of ram jet at computed gas temperature of
3000° F. Although deterioration of the coating has occurred, the tubes
have performed satisfactorily under conditions which would have caused
serious oxidation of uncoated parts.
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